The reactivity of a series of 1,5-disubstituted sulfonyl-triazoles was explored using either thermolytic or metal-catalyzed conditions. Both the thermolysis and the Rh(II)-catalyzed reactions led to the synthesis of α-sulfonyl-nitriles, which presumably occurred through a carbene or carbenoid mechanism. The reactivity of the carbenes and carbenoids resulting from the loss of dinitrogen from the 1,5-disubstituted sulfonyl-triazoles were different from those of the previously explored 1,4-disubstituted sulfonyl-triazoles. It was observed by NMR that the Rh(II)-catalyst coordinates strongly but reversibly with the 1,5-disubstituted sulfonyl-triazoles. Other catalysts, including both Brønsted and Lewis acids, were found to catalyze this transformation, although less efficiently compared to neat thermolysis or Rh(II)-catalyzed conditions. These data illustrate both the unique nature of 1,5-disubstituted sulfonyl-triazoles and potential future avenues for their utilization.
disubstituted triazoles are numerous, but only recently our group reported a method to selectively and efficiently form 1,5-disubstituted sulfonyl-triazoles3 during our quest to form cyanocarbenes from alkynes and azides.4 Other researchers had previously disclosed similar reactions to form these triazoles,5 however, since our report was the first extensive study to form 1,2,3-triazoles with this type of substitution, we had the opportunity to explore the reactivity of this unique class of triazoles. Herein, we report the reactivity of these compounds under both thermolytic and metal-catalyzed conditions and contrast the reactivity with that of the previously reported 1,4-disubstituted sulfonyl-triazoles (Scheme 1). Scheme 1. Synthesis of 1,5-disubstituted sulfonyl-triazoles.
Although methods to form 1,4-disubstituted triazoles have been reported for quite some time, it was only relatively recent that efficient methods to make 1,4-disubstituted sulfonyl-triazoles was reported.6 A primary reason for this is that these sulfonyl-triazoles (5) are often in equilibrium with the opened form, an α-diazosulfonylimine (6; Scheme 2).7 Because of this, many groups have exploited this equilibrium by the addition of Rh(II) catalysts to form a carbenoid species (7) that can be reacted in a diverse set of reactions. These reactions have been extensively studied by the groups of Fokin, Gevorgyan, and Murakami.8 As is illustrated in Scheme 2, the rhodium carbenoid (7) can be reacted with nitriles, alkynes, aldehydes, imines, alcohols, alkenes, alkanes, boronic acids, or water to form sulfonyl-substituted imidazoles,8a pyrroles,8d dihydrooxazoles,8e imidazoles,8e β-sulfonamido enones,8g and 8h cyclopropyl carboxaldehydes,8b alkylated sulfonylaldimines,8c arylated sulfonylenamines,8i and α-sulfonamido ketones,8h respectively. Based on this wealth of interesting reactivities for 1,4-disubstituted sulfonyl-triazoles, we decided that it would be interesting to examine the reactivity of 1,5-disubstiuted sulfonyl-triazoles. Importantly, we wanted to determine if their reactivity would mimic or even match that of 1,4-disubstituted sulfonyl-triazoles or if they would establish their own unique reactivity.
Scheme 2. Reactions of 1,4-disubstituted sulfonyl-triazoles.8
During our characterization of 1,5-disubstituted sulfonyl-triazoles, two interesting observations were made. First, the ring-open form of the triazole was not observed, which is in contrast to the 1,4-sulfonyl-triazoles (5 in equilibrium with 6; Scheme 2).8 Second, while obtaining the melting points of some products, extrusion of N2 was occurring prior to or simultaneous with melting. For mechanistic reactions, it should be noted that there are reports of vacuum pyrolysis9 at 400-500 °C of trisubstituted triazoles (17 and 18, Scheme 3). In this report, they determine that both triazoles yielded the same products (20) (21) (22) (23) (24) , and in the equivalent proportions, so they proposed the formation of an identical azirine (19) for both triazoles. The authors hypothesize that the reaction is occurring by a diradical mechanism. The pyrolysis with the sulfonyl-triazoles described herein occurs at temperatures well below 400-500 °C so it is likely that a different mechanism could be occurring. In theory, the sulfonyl-triazoles examined in the present study (2, Scheme 1) could lose dinitrogen, form an azirine similar to azirine 19, and then react similar to the prior work of Scheme 2. To explore the reactivity of a series of 1,5-disubstituted sulfonyl-triazoles, it was decided to examine both Rh(II) catalyzed reactions and thermolytic conditions in the absence of a transition metal catalyst. It was hypothesized that the 1,5-isomers (2) will provide access to unique reactivity since extrusion of N2 yields a primary carbene or carbenoid species (3) instead of the secondary benzylic species found by Fokin and others (7).8 2. Results and discussion 2.1. Synthesis of 1,5-disubstituted sulfonyl-triazoles Following the general procedure previously reported, 10 triazoles (five new and five previously reported) were synthesized (Scheme 4).3 Isomerization of the 1,5-isomer to the 1,4-isomer is observed after a short period of time, so the compounds were prepared no more than 1 or 2 days in advance. The compounds synthesized used four different sulfonyl groups and either electronrich or electron-poor aryl alkynes. Aliphatic alkynes were also used successfully for the synthesis of 1,5-disubstituted sulfonyl-triazoles,3 but they were not successful in the subsequent reactions described in this manuscript. Trisubstituted triazoles were also synthesized by trapping the initially formed triazole anion with an electrophile, however, these triazoles also did not undergo the reactions reported herein. It should be noted that even though the Dimroth rearrangement of triazoles with electron-withdrawing groups like p-toluenesulfonyl, at the N1 position has been reported,7 we were not able to observe any of the ring-open structure. This result is in agreement with the observations for related compounds.10 Scheme 4. Synthesis of 1,5-disubstituted sulfonyl-triazoles with isolated yields.
Thermolysis
The first substrate that we chose to analyze was triazole 26b because it was found to decompose prior to melting in our prior report.3 When this compound was heated in an oil bath at 123 °C, the solid immediately and simultaneously melted while extruding gas. The mixture turned from light yellow to orange and then brown within 5 min at which point no more gas was observed bubbling out the sample. The thick oil was dissolved in CDCl3, and the 1H NMR had a new signal at 5.06 ppm and the aromatic proton of the triazole had disappeared. Analysis by HRMS indicated a loss of dinitrogen and the structure was identified to be α-nitrile sulfone 27b as the major product (Scheme 5). Although this was not an anticipated product, it is a known compound and the 1H NMR was found to be identical.11
Scheme 5. Thermolysis of 1,5-disubstituted sulfonyl-triazoles with temperatures and isolated yields.
For the thermolysis of the triazoles, first the melting points or decomposition temperatures were determined, and then a temperature ∼2-5 °C (decomp.) or ∼20-50 °C (mp) higher was used. This is because we observed that, in general, a very short reaction time was required with the temperature high enough to undergo the N2 extrusion. If the temperature was not high enough, isomerization of the 1,5-isomer to the 1,4-isomer was observed as the major product. Interestingly, the 1,4-isomer was not as reactive with these conditions for at least one substrate. For the series with the p-nitrophenylsulfonyl group in the 1-position (27d-f), the reactions were very fast (around 1 min), and the yields were low with formation of insoluble material. The crude 1H NMRs of the thermolysis illustrated the α-nitrile sulfone as the main product, however, the bulk of the mass balance was insoluble, black solids.
Rh(II)-catalyzed reactions
Taking into consideration the reports on the reactivity of the 1,4-triazoles with Rh(II), we decided to follow a recently reported procedure described by Fokin8a where they use 0.5 mol % of a Rh(II) catalyst and 3 equiv of a nitrile in chloroform under microwave conditions for 15 min. The only alteration that we made was using between 8 and 10 mol % of catalyst (Table 1) . We observed the same α-sulfonyl nitriles as previously discussed when heated without a catalyst (entry 1), so we decided to increase the amount of acetonitrile and used it as the solvent (entry 2). The product was again the sulfonyl-nitrile, which was also formed using only chloroform as a solvent (entry 3). To establish if the catalyst has any effect in this outcome, the triazole was dissolved in chloroform and heated in the microwave to 140 °C for 15 min in the absence of catalyst (entry 4). This time only starting material was recovered. b Trace amounts of 27 and 28 were observed.
The temperature of the reaction was lowered to 100 °C and, not surprisingly, a longer reaction time was required to fully convert the triazole to sulfonyl nitrile 27b (entry 5). When the reaction at either 100 °C or 80 °C was stopped before the reaction was complete (entries 6 and 7), a mixture of the 1,4-isomer, the sulfonyl nitrile, and another product that later we identified as the Rh complex of the 1,5-isomer (29) were observed.
Interestingly, when the catalyst loading was varied from 1 to 100 mol % at 50 °C (Table 1 , entry 8 and Fig. 1 ) and 0.5, 8 and 10 mol % at room temperature for 3 h (entry 9), a Rh complex was observed (29). As is illustrated in Fig. 1 , the vinylic proton on position 4 in the triazole is shifted to low field as the amount of catalyst was increased. Also, the other signals shift and the two doublets that are overlapped at 7.26-7.33 ppm get resolved to two doublets at 7.38 ppm and 7.27 ppm. With all of these reactions where the triazole is complexed with the catalyst, starting material (26b) is recovered when purified by silica gel chromatography. b Reaction was inefficient and had many other side products.
Since the reactions were more efficient with the Rh2(OAc)4 as the catalyst compared to other catalysts, the entire series of 1,5-disubstituted sulfonyl-triazoles were studied with these conditions (Scheme 6). In some cases (27a, c, and i) the reactions to form the sulfonyl nitriles were more efficient using a Rh(II)-catalyst, but in other cases (27b, c, f, h, and j) heating without solvent was actually more efficient. The yields for these metal-catalyzed transformation varied widely, from 2% to 57%, and do not appear to follow any general trend using either sterics or electronics of either of the aryl-groups.
Scheme 6. Rh(II)-catalyzed formation of sulfonyl-nitriles with conditions and isolated yields.
Discussion
An important observation from this study is that the 1,5-disubstituted sulfonyl-triazoles have different reactivity compared to the 1,4-disubstituted sulfonyl-triazoles. Both triazoles react to extrude dinitrogen, however, the subsequent reactions and rearrangements are remarkably different. This could be due to both steric and electronic factors since the carbene or carbenoid in this case is primary and not benzylic. It should also be noted that when the triazoles were either trisubstituted or substituted with an alkyl-chain at carbon 5 instead of an aryl-group, the reactions described herein do not proceed. Instead the triazoles slowly decompose to a complex mixture of unidentified products.
In Scheme 7, we propose a reaction mechanism that leads to the products that we observe, both for the metal-catalyzed route and the metal-free system. In either reaction, N2 is initially released and a carbene (A) or carbenoid species (D) is formed. In the metal-free system, the next step involves a 1,3-sulfonyl shift, either by the intermediacy of a cyclic system (B) or directly by a sigmatropic rearrangement. Zwitterion C is then set up for a shifting of the aryl group to form the nitrile. The metal catalyzed pathway is similar since the sulfonyl group is transferred from the nitrogen to the carbon, a carbenoid is converted to a nitrenoid (which is similar to a resonance form of zwitterion C), and the aryl-group is then migrated to allow for formation of a nitrile. Attempts were made to trap the carbenes using allyl benzene, but in all cases sulfonyl-nitriles were observed and products resulting from cyclopropanation or C-H insertion were not observed. This is likely due to the more rapid intramolecular reactions.
Scheme 7. Proposed mechanism.
Of mechanistic significance with this reaction, the products are dissimilar to those of 1,4-disubstituted sulfonyl-triazoles even though it is likely that a sulfonylimine with a carbene or carbenoid species adjacent is formed in both cases. A rationalization of this difference is that the sulfonyl group can be near the carbene or carbenoid species in this case, whereas the prior systems (7) would strongly prefer to have the sulfonyl group away from the carbene or carbenoid for steric reasons.
Conclusion
A group of 1,5-disubstituted sulfonyl-triazoles were synthesized and all of them reacted under thermolytic and Rh(II)-catalyzed conditions to provide α-sulfonyl nitrile products. These products are different from the products of similar reactions with the more commonly explored 1,4-disubstituted sulfonyl-triazoles. Under Rh(II)-catalyzed conditions a coordination to the catalyst was observed and the reaction also took place with the addition of other catalysts. The interesting reactivities of 1,5-disubstituted sulfonyl-triazoles and sulfonyl-nitriles are currently being explored in our group.
4. Experimental
General information
The anhydrous reactions were performed in oven-dried glassware under nitrogen atmosphere. Unless noted, all solvents and reagents were obtained from commercial sources and used without further purification. Anhydrous solvents were dried following standard procedure, reaction progress was monitored by TLC (Silica gel 60 F254) using glass plates visualized with UV light and potassium permanganate stain.12 Chromatographic purification was performed using silica gel (60 Å, 32-63 μm) Neat triazole (0.12-0.36 mmol) in a vial is put in an oil bath and heated until gas evolution occurs. It is more efficient if this temperature is ∼10 °C higher than the initial point that melting occurs. There is a color change, from yellow to dark brown or black when the reaction ended and no more gas is evolved. If the melting point is known, the pyrolysis is performed at least 20-40 °C higher than the melting point temperature. In all the experiments, the best results were obtained when the reaction lasted between 3 and 6 min. If the time is longer and the temperature is not high enough, a major product is the respective 1,4-triazole. For all the triazoles synthesized from 4-nitro-benzene-sulfonyl azide, the yields were very low with insoluble material and yellow-orange gas evolved. The solvent was evaporated and the product was isolated using column chromatography.
General method for Rh(II) catalyzed microwave reactions of 1,5-triazole
The triazole (0.041-0.41 mmol) was dissolved in chloroform (0.03 M) and 9 mol % of Rh2(OAc)4 was added, heated in the microwave at 140 °C for 1 or 15 min or 190 °C for 1 or 15 min. The solvent was evaporated and the product was isolated using column chromatography.
Characterization of α-sulfonyl nitriles
The characterization of compounds 27a and b were reported in Ref. 11 . Spectroscopy data for 27c-j are reported below. 
